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ABSTRACT 
With improvements of thermoelectric materials leading to 
higher figures of merit, interest has been developed in a broad 
spectrum of applications. In this study, the thermal performance of 
a solar-driven thermoelectric (TE) generator was examined by 
computer simulation and analytical formulations. The hot junction 
of the disk-shaped TE module is heated by a conical-shaped solar 
concentrator reflecting rays onto a cylindrical inner electrode. 
Controllable cooling water flow cools the outer P - N junctions to 
establish the necessary thermal potential for electric generation. 
Desired power output can be obtained from a number of TE modules in 
series and parallel. 
The computer program was used to examine periodic and con-
stant flow rate of the cooling water. It was found that the con-
stant flow rate operation yielded the highest time-integrat ed TE 
thermal efficiency. 
Other parametrical studies performed include the height of 
copper rod, the ratio of outer to inner diameters of the disks, the 
thickness of the disks, the solar influx and the heat transfer 
coefficient between cooling water and the modules. 
The computer and analytic results on these studies show 
similar behaviors . 
It was found that the efficiency of the solar thermoelectric 
cogenerator ranges from 1.5 to 5.0 percent which is considerably 
lower than a photovoltaic system. 
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CHAPTER 1 
INTRODUCTION 
The first experiment in Solar Thermoelectric Generators (STEG) 
dates back to 1913 when Goblentz (Benson 1979) obtained a patent 
for his generator which used copper constantan. His generator had 
a very low efficiency because of the unavailability of good thermo-
electric materials at that time. Little work was performed on STEG 
until the advance of semiconductors. In the early 1950s, Maria 
Telkes (1954) devoted considerable effort to a reassessment of the 
use of STEG. Because most of the currently available thermoelectric 
materials had not been developetl at that time, Telkes concluded in 
1953 that conversion efficiencies of only about 3% were possible, 
and that such low values of conversion efficiency did not justify 
the exploitation of this form of energy conversion. As a con-
sequence, the interest in STEG remained dormant until the 1960s. 
By that time, many new thermoelectric materials and associated 
technologies had been developed and warranted a new look at the 
field. This evaluation showed improved efficiency, but low fossil 
fuel costs continued to favor conventional power generation systems. 
Toward the end of the 1960s and early 1970s, specialized fabrication 
techniques were developed for larger scale thermoelectric devices; 
however, most of these devices were intended for use with sources 
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of heat from fossil and nuclear fuels. There were studies of sola r 
thermoelectric generation for near sun space missions. Past studies 
of the use of thermoelectric power generation have, in some cases, 
addressed the economics of this form of energy conversion. However, 
in all cases it has been assumed that fairly small quantities of 
electric power were to be generated. Such studies were aimed at 
determining the cost of specific STEG in a fairly low power output 
range. Today the thermoelectric field has a broader spectrum of 
thermoelectric materials and considerable experience has been 
accumulated in recent years in fabrication~ testing, and operation 
of thermoelectric generators in terrestrial and space applications. 
Studies which consider the effect of large scale thermoelectric 
utilization on the cost of electricity e xplores perhaps for the 
first time the potential of solar thermoelectric generation deployed 
on a large scale. Renewed interest in STEG has developed since 
1970 as a result of increasing costs of energy from conventional 
resources and the problem of importing and extracting fuels that 
are acceptable from environmental standpoints. STEG of several 
types have been proposed. Landecker (1976) introduced the concept 
of disk type STEG which shows thermoelements with radial flow of 
currents in coaxial disks and a copper rod in the center to receive 
solar energy reflected from a cone shaped reflector. His theoretical 
analysis led to an estimate of 18% thermal efficiency, based on a 
water control scheme resulting in burst type energy input. However, 
his results were based on mathematical modeling. The primary 
purpose of the present study is to investigate the transient behavior 
3 
of disk type thermoelectric generators using computer simulation .. 
The simulations will enable us to obtain information about the 
dependence of the system efficiency on various parameters such as 
the water control schemes, height of copper rod, solar input, etc. 
In Chapter 2, the fundamental theory of thennoelectrics (TE) 
is presented. In Chapter 3 system description and operation is dis-
cussed. Chapters 4 and 5 illustrate the theoretical analysis and 
computer simulation of a disk type TE generator. Chapter 6 presents 
the results and discussion. 
CHAPTER 2 
FUNDAMENTAL THEORY 
Thermoelectric refers to effects that arise from an inter-
action between temperature difference and electrical current in 
any material. There are three basic thermoelectric phenomena; the 
Peltier, Seebeck, and Thomson effects. The Seebeck effect is 
created by joining dissimilar materials and maintaining a tempera-
ture diff.erence between the junction and a resulting flow of elec-
trical current in the system. Conversely, the Peltier effect is 
created when an electrical current passes through a junction of 
two dissimilar materials. A cooling or heating will take place on 
the junction. The Thomson effect consists of the generation or 
absorption of heat by the passage of a current through a homogeneous 
conductor in which there is a temperature gradient (Ioffe 1957). 
Peltier Effect 
When an electric current passes through a junction of two 
dissimilar materials, such as P type and N type semiconductors, a 
cooling or heating will take place on the junction, depending on 
the direction of the current. As shown in Fig. 2.la, when a current 
passes from N material to a P material heat is removed from the cold 
junction and carried as kinetic energy of the electrons to the hot 
4 
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junction where kinetic energy is given up to heat the hot junction. 
If the current is reversed, the hot and cold junctions are reversed 
and heat is pumped in the opposite direction as shown in Fig. 2.lb. 
Peltier heat removed or gained is proportional to the current and 
the absolute temperature of the junction Qp = aIT where a is the 
Seebeck coefficient. Note that QP is a reversible term, that is, 
when one reverses the direction of the current, the direction of 
the heat flow will change without changing the magnitude. 
matically, one may write (Chang 1980) 
Qh = aITh K(Th Tc) + 1/2 r 2R 
Qc = alTc K(Th - Tc) 1/2 r2R 
Seebeck Effect 
Mathe-
(2-1) 
(2-2) 
Referring to Fig. 2.2 an electromotive force (EMF) is pro-
duced when two junctions formed by dissimilar materials P and N 
are maintained at different temperatures. The EMF may be expressed 
as: 
v (2-3) 
where 
a = Seebeck coefficient 
Notice . in ~ig. 2.2, the current generated by the EMF is in such a 
direction that it attempts to cool down the hot junction and warm 
up the cold junction. The heat absorbed at the hot junction Qh from 
the hot source and the heat rejected from the cold junction Ql into 
the cold sink are respectively (Chang 1980) 
Qh = aITh + K(Th - T1) - 1/2 r2R (2-4) 
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(2 - 5) 
where 
K = thermal conduc tance 
R internal resistance 
I current generated. 
For the configuration shown in Fig. 2.2 
K (2-6) 
Pn Pn 
R = (~ + ~) ( 2 - 7) 
where 
~ - thermal conductivity of P ma t ,erial 
Kn thermal conductivity of N material 
Ap cross section area of p material 
Au cross section area of the N materi a l 
Pp electrical resistivity of p material 
Pn electrical resistivity of N material 
L = height of P - N junction 
For a disk type configuration as is shown i n F i g . 2 .. 3 , 
K 
27Ttk (2 - 8) 
R = (2-9) 
where 
t = thickness of P - N junc tion 
N 
BOTTOM VIEW 
HOT JUNCTION 
JUNCTION 
.,__ __ .,_P_7 
COLD 
JUNCTION 
.. :c--N ~ 
TOP VIEW 
8 
JUNCTION 
JUNCTION 
i CURRENT FLOW /.-CURRENT FLOW 
Fig. 2.3. Disk type thermocouple 
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r 0 /ri = ratio of outer radius t o inner radius 
NOTE: The operation of the two types of generators is fundamentally 
the same. In Fig. 2.4, the current flows radially into the hot 
junction through the N disk and radially outward through th,e P 
disk to the cold junction. This is equivalent to the operation of 
Fig. 2 . 2. 
In equations (2-4) and (2-5), the 1/2 r2R tenn is Joulean 
heating which is irreversible production of heat by the current in 
an electric circuit. The Joulean heat, ± 1/2 r 2R, tends to warm 
up both junctions, K(Th - T1 J is the thermal conduction heat which 
always f .lows from the high temperature region to the low temperature 
region without regard to the direction of the electrical current. 
The heat conduction tends to cool the hot junction and warm up the 
cool junction. The last two t~ms in equation (2-5) are 
positive which means that the waste heat increased due to irrever-
sible processes. 
Efficiency 
Efficiency of a TE generator can be given as follows: 
TJ= (2-10) 
Substituting equations (2-4) and (2-5) into equation (2-10) we 
obtain 
(2 - 11) 
The maximum thermal efficiency can be shown to be (see detail in 
AppendixA) (Angrist 1976). 
2,3 HOT JUNCTION 
2 3 
t l 
N p 
f l 
1 4 
1,4 COLD JUNCTION 
RL 
3,2 HOT JUNCTION 
3 
1 
1 --. N _,,,,. • ..- .._ N ~--+---..a: 
2 
1,4 COLD JUNCTION 
Fig. 2 .• 4 . Comparison between disk type 
and rectangular thermocouple 
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11 
17
max 
.,, 
ca mot 
1 +~(Th+ Tl )l/2 - 1 
1 + ·~ (Th+ Tl)l/2 + T1 
Th 
(2 - 12) 
where 
.,, = 
carnot (2 - 13) 
In equation (2-12) T/ = 17carnot when Z = oo and 1J = 0 . Thu s , 
Z is a very important property of the TE material , and h a s b een 
given the name "FIGURE OF MERIT", used to de s cribe the efficiency 
of a TE material. 
Presently, the materials most widely used in t hermoelectri c 
power generation are Bismuth Telluride, Lead Te lluride , the Selenides 
and Silicon-Germanium alloys. Because of the very large n umber of 
ele_ments needed, even for plants of moderate capa city , it is mandatory 
to use materials that are abundant and cheap and can be prepared by 
simple processes. These requirements make use of semiconductors such 
as Bismuth ~elluride. Its useful range of operating t emperature 
extends from room temperature to about 300°K. 
Efficient thermoelectric materials exh ib i t a h igh Seebeck 
coefficient, high electrical conductivity, and l ow thermal conduc-
tivity. In earlier times Z values of 1.5 x 10-4 we r e u sed , but 
with improvement of thermoelectr i cal materia l s Z v a l ues as high as 
4.16 x l0-3 have been achieved. Unfortunat e ly , the Z value is 
s till quite small. 
CHAPTER 3 
SYSTEM DESCRIPTION AND OPERATION 
The system to be studied is the STEG suggested by Landecker 
(1976). A schematic diagram is shown in Fig. 3.1. The system uses 
two disks which are made of P and N type semiconductor material re-
spectively. The disks are insulated from each other by rubber. A 
concentrating cone is used for collecting the solar radiation. This 
radiation is absorbed by the hot junction copper rod of a thermo-
electric generator and converted into heat. The cold junction is 
surrounded by water control to regulate the temperature of the cold 
junction. With cooling water smut off, the TE disks would get quite 
hot as heat is conducted along the hot junction cylinder and radially 
out the disks. To get electric power the cooling water would be 
turned on causing a cooling of the cold junction. The temperature 
difference would cause electric current to flow. However, the out-
put will soon diminish when the hot junction temperature drops due 
to the loss of heat to the cooling water. Thus, it might become 
necessary to turn off the cooling water periodically to allow re-
heating of the hot junction. The TE elements can be in various 
series and parallel combinations to provide desired voltage and 
current (see Fig. 3.2). 
12 
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Fig. 3.2. Modules in series and parallel 
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With a typical temperature difference of 3000C a module with 
a size of 0.0424 meter in diameter and 0.00156 meter in thickness 
can supply a voltage of about 0. 03 volts and a current of about 17 
amps. Specific power output can be met by various series and 
parallel combinations of modules, for example; a typical application 
of 65 volts and 40 amps will require 2,000 modules in series and 
3 modules in parallel, with a total size of about 9 M2. 
The efficiency of the STEG system is affected by many para-
meters. These include solar input, height of copper rod, thickness 
of disk, etc. The efficiency dependence on these parameters can be 
expressed analytically. However, accurate results have to be 
obtained from computer simulations which include the transient 
behavior of the system. 
CHAPTER 4 
THEORETICAL ANALYSIS 
Landecker Analysis 
The procedure used in Landecker Analysis to determine the ef fi-
ciency of STEG is done in the following two phases. 
Phase 1 
Phase 1 starts right after the cooling water has been turned 
off. The hot junction copper rod begins to heat up according to 
HA 
where 
= MC dT 
p dt 
H = solar input per unit area 
A = aperature area of solar collector cone 
M = mass of the copper rod 
Cp = specific heat of the copper 
dT 
= time rate of change of copper rod temperature. dt 
(4-1) 
The time necessary for the copper rod to attain temperature 
Th (limited by Bismuth Telluride material property) is thus 
(4-2) 
with 
one obtains 
16 
Cp p(ri) 2 (Th - T00) 
HThh 
17 
(4-3) 
The amount of energy stored in the rod during this period is thus 
(4-4) 
Phase 2 
When Th has reached the limiting temperature permitted by 
material properties (7000K), the cooling water is switched on. The 
temperature of the cold junction then drops near the temperature of 
the cooling water almost immediately. This is followed by the more 
gradual decrease of the hot junction temperature as heat is con-
ducted from the hot junction cylinder to the disks. The temperature 
difference of the junctions falls exponentially as: 
.6T 
where 
(.6T)i = Th - T00 = initial temperature difference 
t = the time elapsed since the beginning of Phase 2 
e = time constant of the process which is equal to 
where 
. 
e = MC r p 
r = thermal impedance chosen to be ~8 3 from nKd 
Table 1 (see Appendix D) . 
(4-5) 
(4-6) 
When t = 0, 6T = 6Ti and when t = 00 , AT = 0, as is expected. 
In Landecker's model this phase continues until AT = O.OltiTi after 
18 
which the cooling water is turned off again. In other words, the 
length of Phase 2 is 
t 2 = e Ln 100 (4-7) 
The total work accumulated during this phase is thus (see detail in 
Appendix A) 
t2 
J (ab.T) 2 or dt O 4R 
where 
t 2 is given by equation (4-7) 
ti is determined by equation (4-3) 
6T is obtained by equation (4-5) 
e is from equation (4-6) 
(4-8) 
One may replace t 2 by co in equation (4-7) and obtain approxi-
mately (see detail in Appendix C) 
w = 
out 
3(D.Ti)2a.2(cpri2)(Thh) 
64 (KRd) (4-9) 
In Landecker's analysis the efficiency is evaluated as the. work 
output in Phase 2 divided by energy input in Phase 1, namely 
77= 
where 
Wout 
Qin 
wout is from equation (4-8) 
Qin is from equation (4-4) 
This results in: 
19 
(4-10) 
In Landecker's analysis R le__ 2nd , assuming the ratio of outer to 
r 
inner radii (~) of the two disks to be 4.5. 
ri 
Modified Analysis 
In Landecker's analysis two important assumptions have been 
made: (a) there is no solar input during the cooling period and 
(b) in the steady state, AT is smaller than O.Ol(ATi). 
Careful analysis will show, however, these might not be true. 
In this study, a more realistic analysis is made as follows. In 
the cooling period (Phase 2), instead of using equation (4-5) one 
puts: 
(4-11) 
where 
ATf = temperature difference of the two junctions when 
the system has reached steady state. 
When t = 0, AT = ATi and when t = 00 , AT = ATf as expected. 
Taking the realistic approach that the solar input is available 
during the whole process, one replaces equation (4-4) by: 
(4-12) 
where (t1 + t 2 ) is the total time of operation in one cycle (Phase 1 
plus Phase 2). Then the efficiency can be expressed as 
where 
wout 
/J.T = 
(a/J.T) 2 
4R 
r H(Thh)2(Lnr~) 
-------4kt 
20 
( 4-13) 
(4-14) 
The efficiency of the system for steady operation (t 2 = oo) is 
relatively simple to discuss and can be analytically expressed as 
( se_e Appendix B) • 
2 2 ro 
a H(Thh) (Lnri) 
~= ~~~~~~~~ (4-15) 
64(K) 2 pt 
CHAPTER 5 
SIMULATION MODEL 
This program is intended to simulate the performance of a 
solar driven thermoelectric generator (Clay 1980). It has been 
suggested. by Landecker ( 1976) that TE elements with radial flow of 
current are applicable for this usage. 
To find the electrical power produced, the t ,emperature 
difference between hot and cold junctions must he found. The 
process to determine the temperature distribution is to use an 
extended one-dimensional formulation. The disks are broken down 
into smaller circular rings, width b.r, and then an energy balance 
is performed on each ring. 
The energy balance equation is established in the following 
manner (refer to Fig. 5.1). 
b.E (5-1) 
where Qin is energy in, Q~ut is energy out, Qgen is energy generated 
internally from Joulean heating, and ~Eis the element's change in 
internal energy with time. 
The total number of rings is defined as N. The position of 
each ring is defined by a node specifi,ed by i, the inside ring 
being i = 1 and the outside ring being i = N. 
21 
22 
• i + 1 
t 
Fig. 5.1. Ring for i 2 to i N - 1 
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Heat transferred through a solid due to conduction is 
Q ~T (5-2) 
where k is the conductivity, t is thickness of P or N junctions, 
ro 
is outer to inner radius and b.T is the temperature difference 
ri 
between the two rings. Therefore, heat conduction in the radial 
elements is 
2rrt(ri + ri-1) (Ti-1 - T. )k l 
Qin 2 llr (5-3) 
2rrt(ri + ri+l) (T. - Ti+l)k l 
Qout 2 ~r (5-4) 
where t is the thickness of each ring, ri is the center radius of 
the ring in question, ri-l is the center radius of the ring just 
inside ri, and ri+l is the center radius of the ring just outside 
The electrical resistance of a ring (Ri) depends upon the 
material and geometric shape. Electrical resistance for a ring is 
found by 
R. 
l 
p 
2rrt Ln 
f'i+l + r~ 
~i + ri~ 
where p is the electrical resistivity of the ring. 
(5-5) 
The electrical current produced depends on the temperature 
difference across the radial device, therefore, the current pro-
duced also has to be found in the same iterative process as the 
temperature distribution. Electrical current produced I, is found by 
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I a~T (5-6) 
where Ri is the resistance of the load and Rtot is the internal 
resistance of the whole couple and can be found to be 
(5-7) 
It can be shown that under the optimized conditions, R1 
Therefore, we have 
I (5-8) 
The total heat generated in each ring, Ggen' can be expressed 
as 
(5-9) 
The internal energy of the ring is given by 
where Cp is the specific heat. The mass of each ring, given as 
Mi, is found by 
(5-11) 
where Pa is the mass density of the rings. 
Substituting all the above into equation (5-1), one obtains an 
equation governing the behavior of the ring. 
The inside element includes the inside ring (i = 1) and the 
inner electrode, the energy balance equation (5-1) is used again 
where Qin is the heat from the solar input minus convection and 
re-radiation losses. Q is heat lost through conduction to the out 
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outer ring and through the Peltier .effect. Qgen is from Joulean 
heat~ng, and 6E is the change in internal energy of the ring and 
inner electrode. 
These are defined as: 
(5-12) 
(5-13) 
(5-14) 
6E pdtCP2nr1(6r/2)(dT/dt) +Pd Cp nR1· 2 (Thh)(dT/dt) cu cu 
(5-15) 
where H is the solar flux density, A is the aperature area collecting 
the solar flux, h' is the convective loss of the inner electrode, 
Tamb is the ambient air temperature, T 1 is the temperature of the 
first inside ring. T2 is the temperature of the next ring, a is the 
Stef an-Boltzman cosntant for radiation, Pdcu and Pcu are the density 
and resistivity respectively of the inner electrode, Cp is the 
cu 
specific heat of the electrode and Thh is the height of the inner 
electrode. 
On the outside ring, i = N, the energy balance (equation (5-1)) 
is used again. Qin is the conduction heat from the center, Qout is 
the heat loss due to convection of the cooling water and removed 
due to the Peltier effect, Qgen is from Joulean's heating and 6E is 
the change in internal energy. These are defined as: 
(5-16) 
(S-17) 
(5-18) 
~E = pdtCP2nr0 (~r/2)(dT/dt) 
where T= is the temperature of the cooling water. 
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(5-19) 
Starting with the cooling water off, the solar input heats up 
the total thermoelectric assembly. When the inside temperature 
reaches a pre-determined temperature (Tmax), the cooling water comes 
on. The outside temperature drops rapidly and a large temperature 
differential is developed which produces the electrical current. 
The inside eventually cools down, even with continuous solar 
flux. A new temperature (Tlow) is reached with a s~all 
temperature differential. To re-attain the large temperature 
difference the cooling water is turned off, and the cycle is 
repeated. 
The equations are solved by the implicit iteration formula-
tion which proceeds as follows t The temperature of an element at 
a given time is expressed as a function of the temperature of the 
same element at a previous time as well as the temperature of 
other elements at the same time. In other words 
(5-19) 
where i goes from 1 to N. Since no stability criterion has to be 
satisfied, any time interval could be used. A ~t of one to two 
minutes is suggested. This was found to be short enough to give a 
representative time history of the temperature distribution along 
with not using an excessive amount of computer time. 
The initial condition Ti (o) is first put into the program, 
one then "guesses" a set of Ti (1) to the right of the equation from 
which the left hand side Ti(l) 's are calculated. The calculated 
2 7' 
T1·(1) 's are then made to compare with the guessed T.(l)'s to see if 
. l 
they are equal. If not, the calculated Ti(l) are put on the right 
hand side to obtain a next set of Ti(l) on the left. This proceeds 
until the guessed and calculated Ti(l) are ·matched within a tolerated 
range. After this is done, the Ti(l) values become new initial 
conditions which are used to calculate the sets of Ti(2) ' s and then 
Ti(3)'s and so on until all temperatures are obtained. After the 
temperature distribution history is obtained,, the power deliv.ered 
can be found. 
The power developed depends on the current (I) produced and 
the load resistance (Rtot) • This is found by 
P = 1 2 (Rtot) (5-20) 
The total energy produced (Ptot) during the time interval, 
At, . is 
ptot = P(At) (5-21) 
The total energy introduced to the system by the sun during 
the ·time interval, At, is 
T = HAllT (5-22) 
where H is the solar flux and A is the aperature surface area . 
The efficiency of the system (EFF') is defined as the total 
power produced divided by the incident solar energy . 
(5-23) 
The temperature of the hot junction and cold junction and the 
current are plotted as a function of time. The overall efficiency 
is printed out, by varying parameters, such as the limiting 
temperature of the hot junction rod, the diameter of the disks, 
the size of the cone, out 1er to inner radius, heat transfer 
coefficient, height of copper rod, and solar input. A copy of 
this pr~ograrn is included in Appendix E. 
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CHAPTER 6 
RESULTS AND DISCUSSION 
The computer program was carried out to examine the effect of 
various parameters on the efficiency of the system. This includes 
the low temperature setting for the hot junction which controls the 
water cooling period, the height of copper rod (Thh), the thickness 
of the disk (t), the ratio of outer to inner 
r 
radius (~) 
r. ' l 
the solar 
input (H), and the convection heat transfer coefficient. The 
results of varying lower temperature setting for the hot junction 
will be presented first followed by those for varying the other 
parameters. All results use the following constants: 
Electrical Resistivity p = 2 x io-6 Qm 
w 
Therma 1 Conductivity k 1 . 2 MCo 
Seebeck Constant a.= 1. O x io-4 v~;t 
~ Density of Copper Rod Pep = 9000 M3 
Joule Specific Heat of Copper Rod C = 386 p kgOC 
Hot Temperature Setting (Th)highset = 427°C 
Effect of Lower Temperature Setting 
The lower temperature setting for the hot junction (Th) low set 
was varied to determine the most efficient performance for wat e r 
control. It was predicted by Landecker that the copper rod 
29 
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temperature reaches the cooling water temperature during Phase 2 at 
which point the cooling water should be turned off again. Tables 1, 
2 and 3 which resulted from the computer simulation would verify the 
necessity for water control. Table I gives the results of TE genera-
tor efficiency for various low hot junction temperature settings, 
based on parameter values chosen by Landecker (1976). Table 1 shows 
an inverse relationship between efficiency and hot junction lower 
temperature setting. This highest efficiency of 1.33% is observed 
at the lowest temperature S 1etting of 350 °K. At this temperat ure 
the system will remain in steady state without the cooling water 
shut off. Thus, it appears that steady state operation with steady 
flow of coolant yi elds the highest efficiency. 
COMPUTER RESULTS FOR 
GIVEN INPUT DATA: 
Thh = 0., 050 M, 
TABLE 1 
VARIOUS (Th)low set VALUES BASED UPON 
W ro 
H = 800 2' t = 0.00776 M) r:- = 4.68, 
m 1 W 
(Th) high set = 700°K, h = 2280 z 0 m - K 
LOWER TEMPERATURE % TIME RE- TIME RE- STEADY STATE 
(KO) I SETTING EFF'ICIENCY MAIN ON MAIN OFF TEMPERATURE (KO) 
(MIN) (MIN) OF COPPER ROD 
1. 33 
I 
00 30 352.68 350 
400 1.24 6 30 -----·-
450 1. 24 6 30 ------
600 1.01 4 30 ------
I 
610 1. 01 4 30 ------
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Different heights of copper rod and solar input were examined 
in order to see if this parameter would have any influence on the 
conclusion that a steady state operation is more effici,ent. F'or 
example, Tables 2 and 3 give the results of efficiency for various 
lower temperature settings of hot junction based upon selected 
heights of 0.1 and 0.12 meters with solar input of 300, BOO_!i_ 
m2 
spectively, with other variables remaining the same as before. 
is to be noticed that Tables 2 and 3 show similar conclusions, 
namely steady state operation yields the best efficiency. 
TABLE 2 
COMPUTER RESUL'TS F'OR VARIOUS (Th)low set VALUES BASED UPON 
W ro 
GIVEN INPUT DATA: H = 300 ~M , t = 0. 00776 M, r:- = 4. 68, 
1.. w 
T hh = 0.1 M, (Th)high set = 7000K, h = 2280 2 0 
m - K 
' 
re-
It 
LOWER TEMPERATURE % TIME RE- TIME RE- STEADY STATE 
SETTING (KO) EFFICIENCY MAIN ON MAIN OFF TE,MPERAT'URE (Ko) 
(MIN) (MIN) OF COPPER ROD 
350 1. 92 00 20 401. 25 
I 
380 1. 92 00 20 401. 25 
400 1. 92 00 20 401. 25 
I 
450 1. 82 6 20 ------
I 
550 l. ·49 4 20 --------
The transient history of the junction temperature corres-
Ponding to (Tl)low = 450°K and (T ) = 600°K in Tab le 3 set 1 low set 
are shown in Figs. 6.1 and 6.2 respectively. Fig. 6.1 shows that 
when the lower temperature setting is set at 4S0°K, steady state 
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temperature would take place at 595.7°1< before reaching the setting 
temperature. In Fig. 6.2 it is shown that when the lower tempera-
ture is set at 600 °K, which is above the steady state temperatur,e of 
595.7DK, the rod temperature drops to setting and raises again due 
to the turning off of the cooling water. The information on 
Figs. 6.1 and 6.2 are translated into Fig. 6.3 which shows (AT) 2 as 
a function of time for the two temperature settings. As one may 
notice the total area under steady state operation is indeed greater. 
Therefore, the steady state operation offers larger energy output, 
since the total energy gain is proportional to (AT) 2 • 
These results suggested that the water control is not needed. 
In other words, water should be on all the time. Thus, all the 
following analyses for parametric studies are based on constant water 
flow rate operation. 
TABLE 3 
COMPUTER RESULTS FOR VARIOUS (Th)low set VALUES BASED UPON 
W ro 
GIVEN INPUT DATA: H = 800 ~' t = 0.00776 M, r:- = 4.68, 
m i W 
Thh = 0.12 M, (Th)high set= 700 °K, h = 2280 m2 _0 K 
LOWER TEMPERATURE % TIME RE- TIME RE- STEADY STATE 
SETTING (KO) EFFICIENCY MAIN ON MAIN OFF TEMPERATURE (KO) 
(MIN) (MIN) OF COPPER ROD 
380 4. 71 00 6 595.70 
450 4.71 00 6 595.70 
596 4. 70 16 6 ------
600 ,4_ 66 12 6 -----<iiii5 
610 4.54 5 6 ------
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Effect of the Height of the Copper Rod 
Table 4 gives the computer results of steady-state temperature 
and efficency for various heights of the copper rod. 
TABLE 4 
COMPUTER RESULTS FOR VARIOUS Thh VALUES BASED UPON GIVEN 
W ro 
INPUT DATA: H = 800 =z-, t = 0. 00776 M, r:- = 4. 68, W m i 
h = 2280 2 0 , (Th) high set = 700°K m - K 
HEIGHT OF % TIME REMAIN STEADY STATE 
COPPER ROD EFFICIENCY OFF (MIN) TEMPERATURE (K 0 ) 
(M) OF COPPER ROD 
0. 12 4.71 4 593.70 
0.11 4 .18 5 553.29 
0.08 2.58 8 508.30 
The parameters used by Landecker are used here for comparison 
purposes. The efficiency versus height of copper rod relation is 
shown in Fig. 6.4. The results show that when copper rod height 
increases, the efficiency increases as was predicted by equation 
(4-16) (efficiency is proportional to rod height). The equation of 
efficiency (dashed line) in Fig. 6.4 was obtained by substituting 
the following data into equation (4-16): 
10-4 volt Ct = 1.0 x 
co 
K w 1.2~. ~ 
M°c 
H = 800~ 
m2 
t 0.00776 M 
~ 
u 
z 
i:z::1 
H 
u 
H 
~ 
f:J:-1 
i:z::1 
~ 
12.0 
11. 0 Computer 
10.0 ------ Analytical 
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I 
I 
I 
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I 
I 
I 
I 
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37 
Fig. 6 .. 4. Comparison between computer and analytical results 
of efficiency as a function of height of copper 
rod 
38 
p = 2 x 10-6 QM 
The two curves on Fig. 6. 4 do not quite agr,ee with each other. The 
reason is due to the simplification made in obtaining equation 
(4-16). In equation (4-16) we have neglected heat lost through ra-
diation and convection. Although the analytical value is different, 
the simulation result shows similar behavior according t o 
Fig. 6.4. The increase of efficiency due to the increase of rod 
height can be explained by the fact that a larger copper rod makes 
the area of the collector cone larger, thus more heat is absorbed by 
the solar collector. This increases the temperature of the hot 
junction and therefore permits a higher efficiency. Also shown in 
equation (2-12) is the fact that the higher the hot junction tempera-
ture the smaller the reduction of efficiency due to irreversible 
losses. Therefore, an increase of the hot junction temperature i n-
creases efficiency not only by increasing the value of the effi-
ciency of a reversible engine but also because of the simul-
taneous increase of resistance ratio at a given Figure of Merit (see 
Appendix A). The analytical results on steady state temperature 
difference (AT)f and the time required for cooling water to remai n 
off(t) 0 ff can be predicted by equations (4-15) and (4-3) respec-
tively. By substituting AT = 412°K (temperature difference at end 
of Phase 1), Cp = 386 Joul,e 
kg0 c ' 
H = 't-J2 into equations (4-15) m 
0.1864 
Thh 
Pep = 9,,000q, ri = 0.0025 M, and 
ID 
and (4-3) one obtains 
and (!:iT)final 
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The results obtained from these analytical equations by varying Thh 
are in close agreement with the computer readings in Table 4. 
Effect of the Solar Input 
Table 5 gives the computer results of steady state temperature 
w 
and efficiency for various solar inputs ranging from 400 to 1000 ---z 
m 
Other parameters remain fixed at previous values. 
The efficiency versus solar input relationship is shown in 
Fig. 6.5. It is demonstrated that with higher solar input, the 
system has a higher steady state temperature difference which 
results in better efficiency. Note that both the dashed line and 
the solid line in Fig. 6.5 are linear, corresponding to equation 
w 
(4-16). The observation is made that with solar input 800 ";L the 
system is capable of operating with a 3.67% efficiency whereas the 
efficiency predicted by the analytical method is 8.88%. The 
difference between these two values of efficiency is mainly due to 
not accounting for losses. 
It is interesting to note that with higher solar input the 
length of time for termination of water flow is reduced. For 
w 
example, with a solar input of 400 m2 it takes 16 minutes before the 
cooling water is turned on. If the solar input is doubled it takes 
half the time (8 minutes) for the hot junction to reach the high 
temperature setting (700°K) and the water to flow back to the system. 
The analytical results on the time required for cooling water to re-
main off ( t) off and the steady state temperature difference ( 11T )f 
~ 
z 
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Fig. 6.5. Comparison between computer and analytical results 
of efficiency as a function of s olar input , based 
on selected parameter values 
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can be calculated by equations (4-12) and (4-15) respectively. 
Substituting the input data into equations (4-12) and (4-15) one 
obtains: 
( ) - 1490. 925 t off - H 
(AT)final = 0.207 H 
The results of these analytical equations for various values of H do 
not match the computer readings in Table 5, but indicate similar 
behavior. 
TABLE 5 
COMPUTER RESULTS FOR VARIOUS SOLAR INPUTS BASED UPON GIVEN 
ro 
INPUT DATA: t = 0.00776 M, r. = 4.68, T hh = 0.11 M, 
w l 
h 2280 2 ' (Th)high set = 7QOOK, (T1)1ow set = 3500K 
m -°K 
SOLAR INPUT 
w 
m2 
400 
500 
700 
800 
900 
1000 
% 
EFFICIENCY 
2.24 
2.61 
3.32 
3.67 
3.98 
4.29 
TIME REMAIN 
OFF (MIN) 
16 
12 
8 
8 
6 
6 
Effect of the Disk 'Thickness 
STEADY STATE 
TEMPERATURE (KO) 
OF COPPER ROD 
409.57 
434.08 
488.47 
513.14 
537.34 
560.89 
Tables 6 and 7 give the computer results for steady-state 
temperature and efficiency as a function of various thicknesses of 
the disks where other parameters remain the same as before and the 
TABLE 6 
COMPUTER RESULTS FOR VARYING DISK THICKNESS BASED UPON GIVEN 
W ro 
INPUT DATA: H = 3002, r-:- = 4.68, Thh = 0.08 M 
W m 1 
h = 2280 m2_oK ' (Th)low set = 3500K, (Th)high set = 700oK 
42 
THICKNESS 
OF DISK 
(M) 
% 
EFFICIENCY 
TIME REMAIN 
OFF (MIN) 
STEADY STATE 
TEMPERATURE (KO) 
OF COPPER ROD 
0.00756 1. 27 34 356.80 
0.00656 1. 52 30 361. 07 
0.00556 1. 73 26 372.28 
0.00356 2.38 18 414.37 
0.00256 2.94 16 457.83 
0.00156 3.98 12 550.07 
TABLE 7 
COMPUTER RESULTS FOR VARYING DISK THICKNESS BASED UPON GIVEN 
INPUT DATA: H = 800 _ ~ , ~ ~ = 4. 68, T hh = 0. 08 M 
W m 
h = 2280 2 ' (Th) low set - 3500K, (Th) high set = 700oK 
m _o'K 
THICKNESS 
OF DISK 
(M) 
0.00756 
0.00656 
0 .. 00556 
0.00356 
0.0030 
0.0256 
% 
EFFICIENCY 
2 .. 37 
2.77 
3.37 
4.57 
5 .10 
TIME REMAIN 
OFF (MIN) 
8 
8 
8 
8 
8 
8 
STEADY STATE 
TEMPERATURE (KO) 
OF COPPER ROD 
396.30 
444.02 
492.03 
587.42 
633.62 
681.46 
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thickness varies from 0.00756 to .00156 meters. These results are 
also illustrated 1n Figs. 6.6 and 6.7. It is observed that the 
efficiency increases as the thickness decreases. Although the effi-
ciency improves as the disk is made thinner there is a practical 
limit to how thin they may be since high temperatures will result in 
thermal stresses and cracking. 
Comparing Tables 6 and 7, it is noted that solar input has a 
great effect on the efficiency of the system. The efficiency is 
much higher with a 800 ~ solar input than for a 300 ~ solar input. 
m m 
It is also illustrated in Tables 6 and 7 that it takes less time to 
heat up the hot junction as the thickness of the disk increases. 
The analytical results for steady-state temperature difference 
can be achieved using equation (4-15). These results are expected 
f 
to correlate well with those obtained from the computer simulation. 
By substituting the input data into equation (4-15) one 
obtains: 
(~T)f. 1 0.3086 when H 300 w = ina t m2 
(nT)f. 1 0.823 when H 800 w = ina t m2 
Effect of the Convection Coefficient 
Tables 8 and 9 show the computer results of steady-state 
temperature and efficiency for various convection coefficients, with 
h varying from 500 through 8000 
w 
2 OK • 
m -
The results are also depicted in Fig. 6.8 and show that in-
creasing the heat transfer coefficient causes only a slight decrease 
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Fig. 6.8. Computer results of efficiency as a function of 
convection coefficient 
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TA13LE 8 
COMPUTER RESULTS FOR VARYING CONVECTION COEFFICIENT BASED UPON 
W ro 
GIVEN INPUT DATA: H = 300-2 , r- = 4. 68, t = 0 .00156 M, m i 
Thh = 0.08 M, (Th)high set = 700°K, (Th)low set = 3S0°K 
CONVECTION 
COEFFICIENT 
w 
500 
1000 
2280 
3000 
4000 
6000 
8000 
% 
EFFICIENCY 
3. 71 
3.88 
3.98 
4.00 
4.01 
4.03 
4.04 
TIME REMAIN 
OFF (MIN) 
12 
12 
12 
12 
12 
12 
12 
STEADY STATE 
TEMPERATURE (KO) 
OF COPPER ROD 
583. 71 
562.03 
541.0 
547.84 
546.03 
544.47 
543.67 
of steady state temperature and a small increase in thermal effi-
ciency . Thus, the cooling water speed is not a major designing 
factor from the standpoint of generator efficiency. Note that as 
temperature difference decreases efficiency increases. It is 
because the higher flow of cooling water causes both Th and Ti to 
decrease where the difference (Th - Ti) remains fairly constant. 
Therefore, for the same 6T, the lower Th will cause better 
efficiency. 
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TABLE 9 
COMPUTER RESULTS FOR VARYING CONVECTION COEFF I QIEN'T BASED UPON 
W ro GIVEN INPUT DATA: H = 800-2 , T = 4.68, t = 0 .030 M, m 1 
Thh = O.OB M, (Th)high set= JOQOK, (Th)low set= JSO °K 
CONVECTION 
COEFFICIENT 
500 
1000 
2280 
3000 
4000 
6000 
8000 
% 
EFFICIENCY 
4.76 
4.97 
5.10 
5.12 
5. 14 
5.16 
5.17 
.f 
TIME REMAIN 
OFF (MIN) 
8 
8 
8 
8 
8 
8 
8 
STEADY STATE 
TEMP ERATURE ( KO ) 
OF COPPER ROD 
676.66 
658.85 
651. 00 
630.72 
628.43 
626.25 
625.10 
Effect of the Outer to Inner Radius 
Tables 10 and 11 give the results for steady state tempera t ure 
r 
and efficiency for r ~ varying from 1. 5 through 12. S. These r es u l t s 
1 
are also shown in Figs. 6.9 and 6.10. As the radius ratio in-
increases, steady state temperature increases and consequently t he 
efficiency increases. As was indicated in equation (4-14 ) , eff i -
ro 
ciency is proportional to log-- and this is shown as the dash e d 
. ri 
line in Figs . 6.9 an d 6 . 10. The increase of efficiency due to the 
ro. 
increase of - is understandable. 
ri 
ro 
Large-.- enables the syst em to 
ri 
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TABLE 10 
ro 
COMPUTER RESULTS FOR VARYING - BASED UPON GIVEN INPUT DATA: 
W ri W 
H = 300 - 2 , Thh = 0. 08 M, t = 0. 0030 M, h = 2280 2 , m m -°K 
(Th) high set 700 DK, (Th) low set = 350 DK, ri = 0. 00256 M 
OUTER TO 
INNER RADIUS 
ro 
% 
EFFICIENCY 
TUffi, REMAIN 
OFF (MIN) 
STEADY STATE 
TEMPERATURE (K O) 
OF COPPER ROD 
ri 
1. 5 1. 56 8 367.00 
2.5 2.94 10 469 . 76 
3.5 3.65 12 516.02 
5.5 4.21 14 571.71 
6.5 4.42 16 596.00 
7.5 4.52 16 612.00 
8.5 4.62 [I 16 633.00 
9.5 4.68 20 648.37 
10.5 4.72 20 659.60 
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TABLE 11 
ro 
COMPUTER RESULTS FOR VARYING - BASED 
W ri 
UPON GIVEN INPUT DATA: 
H = 8002, Thh= 0.08 M, t = 0.003·0 M, h w = 2280 ' 
m 
(Th) high set = 
m2_oK 
700°K, (T}1) low set= 350°K, ri = 0.00256 M 
OUTER TO 
INNER RADIUS 
ro 
ri 
1. 5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11. 5 
12.5 
% 
EFFICIENCY 
1. 91 
3.68 
4.53 
5.10 
5.39 
5.73 
5.89 
6.09 
6.21 
6.24 
6.30 
6.35 
TIME REMAIN 
OFF (MIN) 
4 
4 
6 
6 
6 
6 
8 
8 
8 
8 
8 
8 
STEADY STATE 
TEMPERATURE (KO) 
OF COPPER ROD 
449.20 
460.80 
570.30 
583.70 
603 . 10 
620.80 
631.70 
645.80 
64B.40 
651.60 
671. 70 
692.00 
(J 
z 
~ 
H 
u 
H 
~ 
~ 
~ 
~ 
11. 0 
___ Computer 
10.0 
------ Analytical 
9.0 
8.0 
-
-
·--7.0 
6.0 
5.0 
4.0 
3.0 
2.0 
i.o · 
0.0 1.0 2.0 3.0 4.0 s.o 6.0 7.0 8.0 9.0 10.0 11.0 
r 
OUTER RADIUS/INNER RADIUS ~ 
ri 
Fig. 6.9. Comparison between computer and analytical 
results of efficiency as a function of 
outer radius/inner radius 
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22 
Computer 
...-
20 ..,,, 
------
Analytical ,. / 
/ 
18 / / 
/ 
/ 
16 / 
/ 
14 / 
~ / 
z 12 / 
l::il I 
H 
u I H 
~ 10 I l'i:-l 
l::il I 
~ . 8 I 
I 
6 I 
I 
4 I 
I 
2 I 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7 .o 8.0 9.0 10.0 11.0 
OUTER RADIUS/INNER RADIUS 
ro 
r· ].. 
Fig. 6.10. Comparison between computer and analytical 
results for efficiency as a function of 
outer/inner radius 
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maintain a larger temperature difference and thus a better Carnot 
efficiency. The analytical results on steady state temp,erature 
difference and the time it takes for the cooiing water to remain 
off can be predicted by equations (4-15) and (4-3) respectively. 
By substituting the input data into equations (4-15) and (4-3) 
one obtains: 
w 
when H = 300 
m2 
(t) 0 ff = 9.93 x 105 (ri2) 
( fil') f i na 1 = 13 3. 3 3 
when H = 800 w 2 
ID 
( .6T ) f i na 1 = 3 5 5 • 5 
r 
0 (Ln -) 
ri 
ro 
The results of these analytical equations for various of - appear 
ri 
similar to those obtained by computer readings displayed in Tables 
10 and 11. 
CONCLUSIONS AND RECOMMENDATIONS 
1. STEG is most efficient at steady state operation mode, therefore, 
water control is not needed. 
2. Speed of cooling water is not an important design factor. 
3. Efficiency of steady state is proportional to the square of 
copper rod height, therefore, the height of the rod should be 
as large as possible subject to the temperature limitation by 
material. This is the most important parameter which controls 
the efficiency of STEG. 
4. Efficiency is linearly proportional to solar input. 
5. Efficiency is inversely proportional to thickness, therefore, 
better efficiency will be accomplished at smallest possible 
thickness. 
6. As radius ratio increases efficiency increases. 
7. The error between computer and analytical results was intro-
duced because of the assumptions which were made in the analy-
tical calculation. These assumptions were a) neglect heat 
losses through convection and radiation b) the use of ( 6T - ~Tf) 
_t 
= (6Ti ~ 6Tf) e e which gives only an approximate result of 
temperature difference. 
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8. The efficiency of ST'EG is too low to make it practical at t he 
present time. It may become both technica l ly and economically 
feasible with a reduction in material costs and an i ncrease 
in the operating figure of merit. 
APPENDIX A 
MAXIMUM EFFICIENCY AND POWER OUTPUT 
Maximum Thermal Efficiency of a Generator 
The suitability of any material for direct thermoelectric 
energy conv,ersion is examined by means of a parameter called the 
thermoelectric figure of merit Z (Angrist 1976) ., 
z 
a.2 
= KR (A-1) 
where 
Kn~ + KA p p K L (A-2) 
p p 
R (_E_ + __E.) L ~ ~ (A-3) 
which is true for the straight couples as it is shown in Fig. 2.2. 
The essential difference between the "radial" and "straight'' couples 
is the resistance of the disks to radial currents (Landecker 1976) 
P ro 
R = (-)Ln(-) 
1Tt ri 
and the heat conducted per unit time under the influence of a 
radial temperature gradient, 
Q = 2 Kt 
r 
Ln(r ~) 
l 
~T 
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(A-4) 
(A-5) 
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The maximal values of the efficiency obtained by variation of 
the shape of the bars are independent of the shape (Boerdijk 1958) 
which m=ans the same efficiency equation is applied for both con-
figurations. We now may calculate the efficiency of a thermo-
electric generat.or by application of the laws of thermodynamics. 
The thermal efficiency is defined as the ratio of the electrical 
power output W to the thermal power input Qh to the hot junction. 
(A-6) 
The thermal input to the hot junction is given by equation (2-4). 
(A-7) 
where the amount of heat energy received by the hot junction 
due to the Peltier effect is aITh and the heat flux transferred 
from the hot junction to the cold junction is K~T. Of the total 
Joulean heat r 2R generated in the thermoelement, half passes to 
the hot junction and half passes to the cold junction. The output 
power is simply the current squared times the load resistance 
R ' 0 
The thermal efficiency may be computed from equation (A-6). 
I 2R 
(A-8) 
T/ = 0 ( A-9) 
t KAT + aITh - 1/2 rZR 
We would like to maximize the thermal efficiency. The feasibility 
of doing this becomes clear if we introduce a new variab l e, M', 
which represents the ratio of the load resistance to the internal 
resistance of the device. 
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(1 + M') 2 RK ~T (A-10) 
· ::-z + 1 + M') - 1 /2 
Th a Th 
The appearance of the product RK in the denominator of 
equation (A-10) , all other things being equal, the smaller RK is 
the higher the efficiency. Let us form this product from the 
definitions given by equations (A-2) _and (A-3). 
RK 
where 
a 
K p + K (an) + K_ (~) + K 
n n nPp a . -~Pn N . PPP 
A 
L 
p '""n 
(A-11) 
We minimize this product by taking the derivative of equation (A-11) 
with respect to ctn and set the result equal to zero to obtain 
ctn p K 1/2 
- == (~) (A-12) 
ct p K p p n 
which will optimize the cross sectional areas. The value of RK 
an 
when - has this magnitude is 
a.p 
(A-13) 
Utilizing the minimum value of the RK product given in equation (A-13) 
in the definition of Figure of Merit, we find the maximum value of 
the Figure of Merit for any combination of N and P type materials 
to be: 
Z* (A-14) 
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We may now express the thermal efficiency of a thermoelectric 
generator which has had i .ts. geometry optimized by means of equation 
(A-12) as 
M' (ST) 
'\ 
Th 
(A-15) 
(1 + M' )2 
+ (1 + M') 1/2 AT - -
Z Th Th 
The value of the resistance ratio M1 that maximizes the thermal 
efficiency is f ,ound by taking the derivative of equation (A-15) with 
respect to M' and setting the result equal to zero to obtain 
M' opt 
where 
(1 + z* T ) 1 / 2 
av (A-16) 
The thermal efficiency with both geometry and load resistance 
optimized by substituting equation (A-16) into equation (A-15) is 
(M'opt - l)(AT/Th) 
TJ -
t(max) - M'opt +Tc/Th (A-17) 
By substituting for M' and T in the above equation the new form ave 
for maximum efficiency is obtained as 
[{1 +~ ~ 1/2 J 
(Th + T1) - 1 
71 = .,., 2 
t(max) carnot \l +~ ~ 1/2 Tr (Th + Tl) +-2 Th 
(A-18) 
where 
(A-19) 
The first factor represents the thermal efficiency of a 
reversible engine (Carnot), and the second describes the reduction 
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of this efficiency as a result of irreversible losses due to heat 
conduction and Joulean heat entering into the expression for Z. 
If values of thermal conductance or resistivity approach zero, the 
Z factor will become infinity and the efficiency will reach its 
Carnot value. Therefore, the thermal efficiency of a thermo-
electric generator depends on K and R as well as the temperature 
difference. 
Maximum Power Output of a Generator 
Instead of maximizing the efficiency, it is sometimes de-
sirable to maximize the power output of a generator. If we express 
the power output in terms of the resistance ratio M' and the 
current as given 
(A-20) 
we obtain 
(abT) 2M' 
(1 + M') 2R 
(A-21) 
which may be maximized by the usual procedure. This operation 
yields the well known result that for maximum power, the resistance 
ratio M' is identically equal to unity, that is R
0 
= R. Thus, the 
efficiency of a generator operating at maximum power is given by 
equation (A-15) with M' set equal to one: 
(A-22) 
which is the same equation that was given by Landecker (1976). In 
61 
design~ng a generator for maximum power output one tries to attain 
the given power with minimum thermoelectric material . To obtain 
these objectives it is necessary to maximize the power output per 
Po 
unit of total cross sectional area, A . In addition, the thick-
tot 
ness of element should be kept as small as is practicable. A 
lower limit on this factor is imposed, because with extremely small 
elements the contact resistance is no longer negligible in com-
parison with the resistance of the elements. 
The power output per unit of cross sectional area may be 
found by setting M' equal to one in equation (A-15) and dividing by 
the area of the elements An and ~' thus 
whe.re R is v. iven by equation (A-3) and Atot =An+ AP, such 
that · 
(a.~T) 2 
4R 
(A-23) 
(A-24) 
which is the same equation as . given by Landecker (1976), where we 
have assumed that the thickness of the N and P type elements are 
the same. The power output will be a maximum when the denominator 
of equation (A-24) is a minimum. Taking the derivative of the de-
nominator with respect to (An) we obtain an area ratio which maxi-~ 
mizes equation (A-24). 
A 
n 
A p 
p 1/2 
(~) 
p p 
(A-25) 
The significant differenc.e between the criterion of equation 
(A-25) and the one that maximizes the thermal efficiency is that 
equation (A-25) does not involve the thermal conductivity. 
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where 
and 
where 
APPENDIX B 
THERMAL EFFICIENCY OF STEG USING MODIFIED ANALYSIS 
The thermal efficiency of a thermoelectric generator is 
v2 
w =-4R 
v 
fiT 
allT 
t 
8 
= (~Ti - ~Tf)e + ~Tf 
equation (A-24) 
equation (4-12) 
equation (2-3) 
equation (4-11) 
substituting 
v 
and 
00 
[ v2 W = 'O 4R dt = 
63 
64 
or 
00 
w 
Thus the solution becomes 
The first two terms are neglected since they are very small, 
so we can write 
Therefore 
where 
R is given by equation (2-9) and A 
can be found writing 
HAt 
00 
Q = (cr (T 4 - T 4) + Znkt (Th - T,._) + HA(Th - T00)) out h 00 r 0 w Ln-
ri 
The first and third term of the above equation can be omitted, 
assuming heat losses through convection and radiation are very small. 
Thus, the Q t becomes 
OU 
Q 4nkt tiT 
out = r f 
0 Ln-r; 
1 
Thus the energy balance becomes 
HA 
where 
= 47Tkt LATf 
ro 
Ln--
r i 
r 2 . 0 
= H(Thh) (Lnrf) 
4kt 
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Upon substituting the values of ~Tf and R into the equation 
of efficiency the solution then becomes 
2 2 ro 
a H (Thh) (Lnr.-) 
1 
T/ = --------
64k2pt 
where 
and 
where 
APPENDIX C 
THERMAL EFFICIENCY OF STEG 
USING LANDECKER .ANALYSIS 
The thermal efficiency of a thermoelectric generator is 
v2 
w = -4R 
MC tiT p 
V = a.tiT 
t 
tiT = (tiT) . e 8 
l 
equation (A-24) 
equation (4-4) 
equation (2 -3) 
equation (4-5) 
substituting 
and 
8 = MC r p 
3 
r is chosen to be BnKd 
2 
3 p C (r.) Thh p l I 
8Kd e 
equation (4-6) 
from Table 1 in Appendix D therefore 
66 
and 
or 
W=~ 4R 
w = 
co 2t J (tiT.)2 ;-e 
1 
0 
BR 
Upon substituting the values of Q. and W into the equation of 
in 
efficiency the solution then becomes 
= 
3a26T 
64nKd 
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APPENDIX D 
GIVEN INTERNAL RESISTANCE, THERMAL IMPEDANCE 
AND MAXIMUM POWER BASED UPON DIFFERENT 
OUTER TO INNER RADIUS 
TABLE D. l 
ro/ri 
Internal Thermal Maximum 
resistance impedance power 
ro/~i =I 4.5 R· = :dLn(r0 ,/r i) Ln (r 0 /ri) p v
2nd 
l y+ = linKd 4pLn (ro/ri) 
(r0 /ri) = 4.5 R* 
3p y* 3 p 
v2nd 
=-- =--
=6P 2nd BnKd 
(r0 /ri) = 4.5 
v2nd and hyper- R* 0.77p y~ 0.194 P* =--bolic * nd 2nKd * 3. lp 
boundary 
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